Hyperfine interaction in C0CI2 investigated by high resolution neutron spectroscopy 
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We investigated low energy nuclear spin excitations in the layered compound C0CI2 by high 
resolution back-scattering neutron spectroscopy. We detected inelastic peaks at E — 1.34 ± 0.03 
/xeV on both energy loss and energy sides of the central elastic peak at T — 2 K. The energy of the 
inelastic peaks decrease with temperature continuously and become zero at Tm ~ 25 K at which 
the two ielastic peaks merge with the central elastic peak. We interpret the low energy excitations 
to be due to the transition between hyperfine field split nuclear levels. The present data together 
with the data on other Co compounds show that the energy of the nuclear spin excitations of a 
number of compounds follow a linear relationship with the electronic magnetic moment of the Co 
ion whereas that of other compounds deviate appreciably from this linear behaviour. We ascribe 
this anomalous behaviour to the presence of unquenched orbital moments of the Co ions. 

Key words: Hyperfine interaction, Neutron scattering, Magnetic ordering 

PACS numbers: 75.25.+Z 



The hyperfine field of an atom or ion is the mag- 
netic field at the atomic nucleus produced by the elec- 
trons in the solid due to the hyperfine interaction be- 
tween the magnetic moment of the electrons and that of 
the nucleus^. This interaction can be measured by the 
Mossbauer effect or by the nuclear magnetic resonance 
(NMR) technique. Another less well-known method is 
the spin-flip scattering of neutrons measured by high res- 
olution neutron spectroscopy. It is well-known that the 
magnetic hyperfine fields in a solid gives valuable infor- 
mation about the electronic structure and the magnetic 
properties of the solid. The hyperfine field is a valuable 
probe of electron spin density distribution at the nuclei. 
It can sometimes be related to the electronic magnetic 
moment. The hyperfine field is site and element selec- 
tive. The hyperfine field B^f can be given by 

B hf = B 8 h} + B hf + B° hf (1) 

where B^* is the Fermi contact term due to the s elec- 
trons, B%f is magnetic dipole and is the orbital term 
due to the non-s electrons. Normally the Fermi contact 
term is the most dominant term whereas the magnetic 
dipole term is often very small and can be neglected. 
The orbital term is appreciable for rare earth ions except 
for Eu 2+ and Gd 3+ , which have no orbital moment. The 
orbital moment is usually quenched in some 3d Fe series 
elements. However in some compounds of Co and V it 
can be quite important. 

The method of investigating hyperfine interaction by 
high resolution back-scattering neutron spectroscopy was 
developed by HeidemanrP. HeidemanrP worked out the 
double differential cross section of this scattering pro- 
cess. The process can be summarized as follows: If neu- 
trons with spin s are scattered from nuclei with spins 
I, the probability that their spins will be flipped is 2/3. 
The nucleus at which the neutron is scattered with a 
spin-flip, changes its magnetic quantum number M to 




FIG. 1: (Color online) Schematic representation of the crystal 
structure of C0CI2 . Small blue spheres are Co ions and larger 
green spheres are CI ions. 



Mil due to the conservation of the angular momen- 
tum. If the nuclear ground state is split up into differ- 
ent energy levels Em due to the hyperfine magnetic field 
or an electric quadrupole interaction, then the neutron 
spin-flip produces a change of the ground state energy 
AE = Em — Em±i- This energy change is transferred to 
the scattered neutron. The double differential scattering 
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FIG. 2: (Color online) Energy spectra of C0CI2 at T = 2 
below Tjv ~ 25 K and at T = 30 K above Tn measured on 
IN16. At T — 2K two inelastic peaks at the energy loss and 
energy gain sides and an elastic peak in the middile at E « 0. 
At T = 30 K the inelastic peaks disappear leaving only the 
middle elastic peak at E = 0. The continuous curves are 
fits of the elastic and the inelastic peaks with three Gaussian 
functions. 



FIG. 3: (Color online) Temperature evolution of the inelastic 
spectra of C0CI2 measured on IN10. Only one inelastic peak 
has been shown in the spectra. 



cross sectiorP is given by the following expressions: 



dildoj J . 



1 



= (a 2 - a 2 + ^a rz I(I +l))e- 2W{Q) 8(huj), 

(2) 



AE 



1 I{I+l) x jl± =^e''^ {Q >S(hLuT^E) 

(3) 

where a and a' are coherent and spin-incoherent scatter- 
ing lengths, W(Q) is the Debye- Waller factor and Eq is 
the incident neutron energy, S is the Dirac delta function. 
If the sample contains one type of isotope then a 2 — a 2 

is zero. Also s» 1 because AE is usually much 

less than the incident neutron energy Eq. In this case 
2/3 of incoherent scattering will be spin- flip scattering. 
Also one expects a central elastic peak and two inelas- 
tic peaks of approximately equal intensities. The 59 Co is 
such a case. 

We investigated previously hyperfine interaction in 
several Nd compounds^" 9 -' by high resolution neutron 
spectroscopy and found that the hyperfine splitting of 
the Nd nuclear levels is linearly proportional to the or- 
dered electronic magnetic moment of Nd. Our recent 
investigation on a series of Co compounds^HUl showed 
that this simple relationship is no longer valid for Co 
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FIG. 4: (Color online) Temperature variation of the energy 
of the inelastic peak of C0CI2. 
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compounds presumably due to the unquenched orbital 
moments in Co-compounds. It is known that in Co 
metal and also in some Co-compounds the sign of the 
hyperfine field due the electronic orbital magnetic mo- 
ment is opposite to that due to the spin moment. The 
orbital moments in different Co-compounds are differ- 
ent and often unknown. The determination of orbital 
moment is not easy and involes either polarized neutron 
diffraction or X-ray magnetic scattering or x-ray mag- 
netic circular dichroism (XRMD) techniques. What we 
usually know is the total ordered magnetic moment by 
unpolarised neutron diffraction. So study of hyperfine 
interaction may also give useful information about the 
orbital magnetic moment. We therefore studied a se- 
ries of Co compounds^HH by the high-resolution back- 
scattering neutron spectroscopy. Here we report the re- 
sults of the study the hyperfine interaction in the layered 
compound C0CI2. 

Anhydrous C0CI2 crystallizes with the CdCl2 type lay- 
ered rhombohedral structure (Fig. [T]) with one molecule 
per unit cell but a larger hexagonal cell that contains 
three molecules is normally chosen. In this hexagonal cell 
with a = b = 3.553 A and c = 17.359 A, a = f3 = 90° and 
7 = 120° the Co atoms are located at (000) and (§,§)§), 
and six CI atoms are located at (0, 0, ±u), (3, §, 3 ± u), 
and (|, ~, ~ ± it), where u = 0.25 ± 0.01. The Co atoms 
are bonded tightly to the CI atoms in the plane on the ei- 
ther side, but the adjacent planes of halide atoms weakly 
bounded. Because of these weak bonding between the 
layers stacking faults are easily produced in these layerd 
structures. C0CI2 orders below Tjv ~ 25 K with a sim- 
ple antiferromagnetic structure in which the Co layers are 
ferromagnetically arranged individually but stacked anti- 
ferromagnetically. In case of C0CI2 the magnetic moment 
of the Co atoms lie in the (0001) plane along [2, 1, 3, 0]. 



TABLE I: Ordered electronic moment of Co and the energy 
of Co nuclear spin excitations 



Compound 


Moment ((j,b) 


AE(^eV) 


Reference 


C0CI2 


3.0(6) 


1.34(3) 


[present work] 


CoV 2 6 


3.5(1) 


1.379(6) 


[16] 


C02S1O4 


3.61(3) 


1.387(6) 


[12] 


CoF 2 


2.60(4) 


0.728(8) 


[11] 


CoO 


3.80(6) 


2.05(1) 


[10] 


Co 


1.71 


0.892(4) 


[13,14] 


C00.873P0.127 


1.35 


0.67 


[13] 


Coo.837Po.i6i 


1.0 


0.54 


[13] 


C00.827P0.173 


1.07 


0.56 


[13] 


C00.82P0.18 


0.93 


0.49 


[13] 


LaCoi3 


1.58 


0.69 


[15] 


LaCo 5 


1.46 


0.32 


[15] 


YCo 5 


1.51 


0.37 


[15] 


TI1C05 


1.02 


0.31 


[15] 



We performed inelastic neutron scattering experiment 
on the back-scattering neutron spectrometers IN16 and 
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FIG. 5: (Color online) Plot of the energy of inelastic signal 
vs. ordered electronic moment of Co-based materials. The 
continuous curves are linear and power law fit of the data 
corresponding to the normal and anomalous compounds. 



IN10 of the Institute Laue-Langevin. The neutron wave- 
length was 6.271 A. About 5 g of powder CoCl 2 sam- 
ple was placed inside a flat Al sample holder that was 
fixed to the cold tip of the standard He cryofurnace. Fig. 
[3] shows energy spectra obtained from C0CI2 at several 
temperatures. We checked carefully the Q dependence 
of the spectra and found that they were Q independent 
as expected for hyperfine peaks. So we integrated over 
all measured Q. At low temperature we see two inelastic 
peaks on both sides of the central elastic peak at about 
1.4 /j,eV. The inelastic peaks move towards the central 
elastic peak at higher temperatures and finally merge into 
the elastic peak at Tpf « 25 K. We fitted three Gaussian 
peaks for the elastic and the two inelastic peaks by least 
squares method. We constrained the two inelastic peaks 
to have same widths. Fig. [4] shows the temperature vari- 
ation of the energy of the inelastic peaks. The energy of 
the inelastic peak decreases continuously at first slowly 
then close to T/v ~ 25 K the energy becomes zero. 

In Table 1 we give the magnetic moments and the en- 
ergy of low energy nuclear spin excitations in Co and 
all Co compounds studied so far by high resolution neu- 
tron spectroscopy. Hyperfine interaction in Co and amor- 
phus Co-P alloys at room temperature was studied by 
HeidemanrP^ by high resolution neutron spectroscopy. 
Using the same technique we recently studied hyperfine 
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interaction in Cc2^ in the temperature range 2 — 1550 K. 
Heideman et alP^ studied hyperfine interaction in the in- 
termetallic LaCo 13 , LaCos, YC05 and TI1C05. In Fig. [5] 
we plot the energy of nuclear spin excitations vs. the or- 
dered magnetic moments of C0V2O6 along with other Co 
compounds investigated so far. We note that although 
Co and CoO and amorphous Co-P alloys and also per- 
haps LaCoi3 he on a straight line passing through the ori- 
gin, several other compounds viz. LaCo 5 , YC05, ThCo 5 
CoF 2 , C0V2O6 and Co2Si04 deviate from the linear be- 
haviour. The slope of the linear fit E = afi (/1 = magnetic 
moment) of the data for Co, Co-P amorphous alloys, CoO 
and LaCoi3 gives a value of a = 0.51 ± O.OlfieV/ /jb- 
The data for these compounds have been shown by blue 
circles and the fitted blue straight line. The data cor- 
responding to the other anomalous compounds can be 
fitted by a power law E = afi n with a — 0.19 ± 0.03 and 



n = 1.5 ±0.1 ~ 3/2 and is shown by the red curve in Fig. 
[5] We ascribe the anomalous behaviour to the presence of 
unquenched orbital moments in these compounds. The 
orbital moment 3d transition metal compounds is nor- 
mally quenched. However Co and also V compounds are 
known to possess considerable unquenched orbital mo- 
ments. The hyperfine field due to the unquenched orbital 
moment can have opposite signal to that due to Fermi 
contact term and thus can reduce the effective hyperfine 
field. This is probably the case for the Co compounds, 
CoF 2 , Co2Si04, C0V2O6 and intermetallic compounds 
LaCoi3, LaCos, YC05 and TI1C05. The hyperfine fields 
in these compounds are much less than that expected 
from their moments and therefore deviate from the linear 
behaviour. This is of course only a qualitative explana- 
tion in the absence of any ab-intitio calculations of the 
orbital moments and hyperfine fields in these compounds. 
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